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V(D)J recombination relies on the presence of prox-
imal enhancers that activate the antigen receptor
(AgR) loci in a lineage- and stage-specific manner.
Unexpectedly, we find that both active and inactive
AgR enhancers cooperate to disseminate their ef-
fects in a localized and long-range manner. Here,
we demonstrate the importance of short-range
contacts between active enhancers that constitute
an Igk super-enhancer in B cells. Deletion of one
element reduces the interaction frequency between
other enhancers in the hub, which compromises the
transcriptional output of each component. Further-
more, we establish that, in T cells, long-range contact
and cooperation between the inactive Igk enhancer
MiEk and the active Tcrb enhancer Eb alters enrich-
ment of CBFb binding in a manner that impacts
Tcrb recombination. These findings underline the
complexities of enhancer regulation and point to a
role for localized and long-range enhancer-sharing
between active and inactive elements in lineage-
and stage-specific control.
INTRODUCTION
B and T lymphocyte development is driven by V(D)J recombina-
tion, a process through which V (variable), D (diversity) and
J (joining) coding gene segments within each of the seven anti-
gen receptor (AgR) loci are rearranged to create a vast repertoire
of receptors (Alt et al., 2013). This process is important because
lymphocytes require a set of receptors that can recognize and
respond to a wide variety of foreign antigens as part of the adap-
tive immune response. V(D)J rearrangement is mediated by theCel
This is an open access article under the CC BY-Nrecombination-activating gene (RAG) complex, which targets
the recombination signal sequences (RSSs) that flank each V,
D, and J gene segment (Schatz and Swanson, 2011). RAG cre-
ates a synapse between two segments, introducing breaks
that are then ligated together via non-homologous end joining.
Recombination occurs in a lineage-specific manner so that
T cell receptor (Tcr) and immunoglobulin (Ig) loci are only fully re-
arranged in T and B cells, respectively. In addition rearrange-
ment is ordered by stage within a given lineage. In B cells, the
Ig heavy chain (Igh) is rearranged at the pro-B cell stage of devel-
opment prior to Ig light chain (k or l) rearrangement in pre-B
cells, while in T cells the T cell receptor beta locus (Tcrb) is
recombined in CD4CD8 double negative DN2/3 cells prior to
T cell receptor alpha (Tcra) recombination in double positive
(DP) cells. As the RAG proteins and their RSS targets are the
same for each AgR locus, lymphocytes restrict rearrangement
by controlling the accessibility of the individual loci (Yancopoulos
and Alt, 1985). Opening up of the loci occurs at multiple levels
including DNA demethylation, acquisition of active histone
marks, initiation of sense and antisense germline transcription,
and nucleosome repositioning (Johnson et al., 2010).
The AgR loci have served as a rich model system for analyzing
the impact of nuclear organization and chromatin architecture on
gene regulation (Proudhon et al., 2015). The first evidence that
shuttling of loci between repressive and active nuclear compart-
ments (the nuclear lamina or pericentromeric heterochromatin
[PCH] and accessible euchromatic regions) has an impact on
gene regulation came from tracing the movements of AgR loci
during development (Goldmit et al., 2005; Kosak et al., 2002;
Rolda´n et al., 2005). Moreover, studies focusing on chromatin
architecture demonstrated that reversible changes in ‘‘locus
contraction’’ alter the conformation of each locus, bringing mid
and distal V gene segments into contact with proximal DJC do-
mains thereby enabling recombination to occur between widely
separated gene segments (Fuxa et al., 2004; Rolda´n et al., 2005;
Sayegh et al., 2005; Skok et al., 2007). These changes arel Reports 15, 2159–2169, June 7, 2016 ª 2016 The Author(s). 2159
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Enhancer Hubs and Their Impact on Super-Enhancer Activity
(A) Top: scheme showing the location of the Igk AgR locus with its respective enhancers: MiEk, 30Ek, and Edk on murine chromosome 6. Bottom: outline of the
different stages of B cell development. Stages under investigation are highlighted in orange (pre-B and immature B).
(legend continued on next page)
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regulated by lineage- and stage-specific expression of transcrip-
tion factors that activate enhancers, promoters, and other regu-
latory elements within each locus (Proudhon et al., 2015).
Our previous work demonstrates that AgR enhancers can also
act in trans to control accessibility and stage-specific regulation
of recombination via inter-chromosomal interactions between
different loci. Specifically, in developing B cells, the 30 enhancer
of Igk (30Ek) mediates transient association of Igh and Igk at the
pre-B cell stage after completion of Igh recombination and at the
onset of Igk rearrangement (Figure 1A). Igh-Igk pairing reposi-
tions the unrearranged Igh allele at PCH and induces its ‘‘decon-
traction.’’ This prevents ongoing Igh rearrangement involving
mid and distal VH gene segments (Hewitt et al., 2008). These
and other studies indicate that individual enhancers cooperate
with other regulatory regions in gene regulation and that control
is facilitated by physical contact between participating elements
(Collins et al., 2011; Hewitt et al., 2008). Nonetheless, it is not
known to what extent enhancer sharing occurs and whether
this phenomenon has a widespread impact on gene regulation.
Given that chromatin is organized within the nucleus in a
manner that promotes contacts between regulatory elements,
it is important that we determine the functional significance of
these associations. Here, we highlight the importance of line-
age-specific short- and long-range peration between enhancer
elements, focusing specifically on the impact of the Igk en-
hancers and their diverse functions in lymphocyte development.
The role of the individual Igk enhancers in regulating Igk has been
well documented by previous studies as detailed in the results
section (Inlay et al., 2002; Inlay et al., 2004). In addition, the Igk
MiEk, 30Ek and Edk enhancer cluster has been identified as be-
ing a super-enhancer in mature B cells (Qian et al., 2014). Here,
we show that according to the criteria defined by Whyte et al.
(2013), the classification of this cluster as a super-enhancer,
extends to the pre-B cell compartment where the Igk locus
undergoes rearrangement. Although super-enhancers have
received a great deal of attention in the scientific press, it is
not known whether the clustering of enhancer elements is func-
tionally important. To address this question, we performed
high-resolution circularized chromosome conformation capture
coupled with deep sequencing (4C-seq) using different bait
sequences within the Igk super-enhancer in B cells. We demon-
strate that the three enhancers exhibit strong contacts in wild-
type cells leading to the formation of an enhancer hub. Deletion
of either the MiEk or 30Ek reduces the interactions in which each
enhancer participates and disrupts pairwise interactions be-
tween other component enhancers leading to the dissolution of
the hub. Importantly, we find that the loss of enhancer contacts
is linked to a reduction in transcriptional output of all three part-(B) Left: distribution of H3K27Ac signal across the peaks identified byMACS in pre
amount of H3K27Ac. Right: H3K27Ac signal at the 30 end of Igk in pre-B and imm
seq profiles of the region in wild-type pre-B cells.
(C) Detailed scheme showing the location of MiEk and 30Ek 4C baits.
(D) 4C signal normalized by DESeq2 in 5 kb windows sliding by 0.5 kb for 50 k
cells. Filled circles highlight significant differences in 4C-seq counts identified by D
represented below each plot by RNA-seq profiles.
(E) Model showing the organization of the individual enhancer elements within th
See also Figure S1 and Tables S1 and S2.ner enhancers. These data suggest that synergistic contacts
between the individual components of a super-enhancer are
important for their activity.
The Igk enhancer, MiEk, has previously been reported to be
important for regulating Igk activation in B versus T lineage cells
(Pierce et al., 1991). Thus, we focused our next question on the
impact of the MiEk in regulating Igk recombination in T cells.
We did not find any defect in the regulation of lineage-specific
Igk recombination, but much to our surprise, we uncovered a
role for this enhancer in regulating rearrangement of Tcrb, a lo-
cus that is located 26 Mb away from Igk on the same chromo-
some, via long-range intra-chromosomal contacts. The MiEk
(that is active in B cells but inactive in T cells) cooperates with
the Tcrb enhancer, Eb in regulating Tcrb recombination in DN
cells via long-range intra-chromosomal contacts. Deletion of
MiEk leads to inefficient Tcrb recombination resulting in a delay
in T cell development. These alterations are accompanied by a
significant reduction in the enrichment of the RUNX1 DNA bind-
ing partner, CBFb, on Eb. Because RUNX1 is known to be critical
for Tcrb activation, this finding explains the impact of MiEk on
Tcrb regulation (Majumder et al., 2015). Thus, despite the large
distance separating the Tcrb and Igk loci, Eb and MiEk coop-
erate to regulate Tcrb recombination via a long-range contact
that relies on the presence of both enhancers.
In sum, these studies indicate that the Igk enhancers play
diverse roles in lymphocyte development as a result of lineage-
and stage-specific chromatin interactions. These data add to
our previous finding that a 30Ek-mediated inter-chromosomal
interaction with Igh alters locus conformation and prevents
ongoing Igh rearrangement after productive rearrangement on
one allele (Hewitt et al., 2008), These studies underline the
complexity of enhancer-mediated regulation and the importance
of enhancer cooperation in optimizing gene function through
localized and long-range contacts. Unexpectedly, we find that
enhancer sharing can involve active aswell as inactive regulatory
elements, which may be relevant for gene regulation in other
settings.
RESULTS
Enhancer Hubs and Their Impact on Super-Enhancer
Activity
Super-enhancers are defined as a group of enhancers in close
linear genomic proximity that are highly enriched for binding of
transcription factors and histone modifications that are charac-
teristic of enhancer elements (Whyte et al., 2013). Despite the
definition, there has been some controversy concerning the
functional significance of enhancer clustering (Pott and Lieb,-B and immature B cells with super-enhancers containing an exceptionally high
ature B cells with the region defined as the super-enhancer highlighted. ATAC-
b region neighboring the MiEk and 30Ek baits in WT versus enhancer-deficient
ESeq2 analysis of the plotted region. Transcriptional output within the region is
e Igk super-enhancer in wild-type versus MiEk/ and 30Ek/ pre-B cells.
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2015). Moreover, there is as yet no evidence that contacts be-
tween enhancers that make up these super-regulatory elements
are functionally important. To investigate this, we focused on the
Igk enhancer cluster that is made up of the individual enhancer
elements, MiEk, 30Ek, and a third enhancer, Edk (Figure 1A),
each of which binds different transcription factors. The three en-
hancers have overlapping and distinct functions that contribute
to the regulation of Igk. MiEk and 30Ek are both important for re-
arrangement, and deletion of either one leads to a reduction in
the frequency of kappa-expressing B cells, while the double
mutant is sufficient to abrogate Igk recombination altogether
(Inlay et al., 2002, 2006). Similarly, individual 30Ek and Edk dele-
tions lead to a reduction in germline and rearranged transcription
of Igk in developing pre-B andmature splenic B cells, whereas, in
the double knockout mice, expression is almost negligible (Zhou
et al., 2010).
The Igk enhancer cluster has been identified as a super-
enhancer in mature B cells (Qian et al., 2014), but its status in
developing B cells is not known. We used indexing-first chro-
matin immunoprecipitation (iChIP) (Lara-Astiaso et al., 2014) to
confirm that the region is also enriched for high levels of
H3K27Ac in pre-B and immature B cells where the Igk locus un-
dergoes recombination (Figure 1B). Next, we asked whether the
Igk enhancers that constitute the super enhancer are in physical
contact in 3D space in pre-B cells. To investigate this, we per-
formed high-resolution circularized chromosome conformation
capture coupled with deep sequencing (4C-seq) using baits
located adjacent to MiEk and 30Ek (Figure 1C). The bait location
was selected to allow us to examine interactions in wild-type as
well mutant cells where the whole enhancer region is deleted.
In these experiments, for the initial digestion step, we used the
4-base pair (bp) cutter restriction enzyme, NlaIII, which cuts
approximately every 200 nucleotides (van de Werken et al.,
2012). Datasets for each of the viewpoints were generated
from wild-type as well as MiEk and 30Ek enhancer-deficient
pre-B cells (Table S1).
In wild-type cells, we detected a high frequency of contact be-
tween MiEk, 30Ek and Edk. We found that deletion of either the
MiEk or the 30Ek interferes with interactions between each
enhancer and theothers. Their absencealsodisrupts interactions
between the two other partner enhancers in the hub: in MiEk/
cells the contact frequency between 30Ek and Edk was signifi-
cantly reduced, which is especially apparent from the 4C signal
of the 30Ek bait. Likewise, the contact frequency between MiEk
and Edk is significantly reduced in 30Ek/ cells (Figure 1D). To
determine whether the changes in contact have a functional ef-
fect, we performed RNA sequencing (RNA-seq) to examine the
impact of enhancer deletions on transcription. We identified
non-coding transcripts that span or originate at Igk enhancers
by assembling a new transcriptome based on our RNA-seq
data.We then designed primers to detect the transcripts flanking
each enhancer to quantify their expression by qPCR. For the 30Ek
and Edk, we selected primers that amplify short bidirectional
enhancer RNAs (eRNAs) originating at each enhancer, while for
the MiEk, the primers amplify transcripts that extend through
the enhancer. With this approach, we found that a loss of either
the MiEk or the 30Ek leads to a reduction in transcriptional output
of the other two enhancers (Figures 1D and S1A). We also exam-2162 Cell Reports 15, 2159–2169, June 7, 2016ined the impact of theenhancers on Igk transcriptional output and
found a dramatic decrease in transcription across the locus in
mutant cells, with the MiEk deletion causing the greatest impact
(Figures S1B and S1C). These findings indicate that the presence
ofMiEkand30Ekboosts the transcriptional output of theother en-
hancers in a manner that is linked to their physical contact. They
also add mechanistic insight into super-enhancers and highlight
the interdependent nature of the individual enhancer compo-
nents and the connections between transcriptional output and
the contacts between them.
The MiEk Regulates T Cell Development and Tcrb
Rearrangement
Previous studies with plasmid constructs carrying Igk enhancers
and Igk recombination substrates indicate that the MiEk is
important for regulating Igk activation in B versus T lineage cells
(Pierce et al., 1991). However, the effect of the MiEk on the
endogenous locus has not been examined in MiEk-deficient
developing T cells. To investigate this, we performed immuno-
fluorescent in situ hybridization (immuno-FISH) to examine the
impact of the MiEk on Igk rearrangement in developing T cells
(Figure 2A). Although we found no evidence for the occurrence
of Igk rearrangement in T cells, we unexpectedly discovered
that an absence of MiEk disrupts recombination of the Tcrb
locus, which undergoes V(D)J recombination in these cells. Im-
muno-FISH analysis showed a significant reduction of gH2AX
foci associated specifically with Tcrb in MiEk/ DN cells, indi-
cating a decreased frequency of breaks in this locus in recom-
bining cells (Figure 2B). Additionally, a germline retention assay,
which amplifies a region of Tcrb that is deleted upon rearrange-
ment, revealed a significant reduction in rearrangement in
MiEk/ versus wild-type DN cells (Figure 2C).
Because AgR rearrangement is intimately connected to devel-
opmental progression, we next asked whether the absence of
MiEk could affect T cell development. Detailed fluorescence-
activated cell sorting (FACS) analysis of the different cell stages
revealed a significant accumulation of DN3 cells in MiEk/
mice, which is the stage at which Tcrb rearrangement occurs
(Figure 2D). Given this finding, we checked to see whether gd
T cell development was affected, but found no difference in this
compartment. Because ab T cell development was perturbed,
we next asked whether the developmental identity of the mutant
cells was altered. For this, we performed an unsupervised clus-
tering analysis comparing expression levels of key B-, T-, and
common lymphoid-specific genes in wild-type, MiEk, and 30Ek
mutant samples. We supplemented this analysis with cells defi-
cient for Eb, which is the only documented enhancer of Tcrb. Be-
sides DN and pre-B cells, we also examined subsequent devel-
opmental stages (DP and immature B cells) from each lineage:
to have a fuller picture of early T and B lymphocyte development
(Figure S2A). We also checked this at a genome-wide level by
performing a principal component analysis based on expression
values normalizedbyDESeq2 (FigureS2B). In both instances, the
results show clustering of wild-type cells with their mutant coun-
terparts demonstrating that developmental stage and lineage
identity is maintained in enhancer-deficient cells.
Tcrb has always been thought to be under the regulation of a
single enhancer, Eb. Our findings indicate that the MiEk also
AB C
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Figure 2. The MiEk Regulates T Cell Devel-
opment and Tcrb Rearrangement
(A) Outline of the different stages of T cell devel-
opment. Stages under investigation are high-
lighted in blue (DN2/3 and DP).
(B) DNA-FISH combined with immunofluores-
cence to detect gH2AX-containing repair foci at
the Igk and Tcrb loci. Bar graphs represent three
independent experiments. Error bars reflect SEM.
Examples of confocal sections are shown in the
panels below.
(C) Germline retention assay, performed on
genomic DNA, to assess the proportion of Tcrb
loci in germline versus rearranged conformation.
The scheme shows the primer design. Plots
showing the percentage of retention in wild-type
andMiEk/DN2/3 cells normalized by analysis of
RAG1-deficient control cells (a combination of two
independent repeats of two wild-type versus two
MiEk/ samples).
(D) Left: FACS analysis of DN cell development in
thymi isolated from wild-type and MiEkdeficient
mice. Right: bar plots show quantification of dif-
ferences in the absolute numbers of wild-type
versus MiEk/ DN cells per thymus from a com-
bination of three independent experiments. Cells
were gated on Thy1.2+TCRbloCD4CD8 and
the DN population defined by expression of
CD44 and CD25 as followed: DN1 CD44+CD25,
DN2 CD44+CD25+, DN3 CD44CD25+ and DN4
CD44CD25. Error bars represent SEM.
See also Figure S2 and Tables S1 and S2.contributes to the regulation of this locus. Indeed, the MiEk-defi-
cient phenotype, although much less pronounced, resembles
the phenotype of Eb deficiency in which a complete absence
of Tcrb rearrangement is associated with a block in development
at the DN3 stage of T cell development (Bories et al., 1996; Bou-
vier et al., 1996).
The Presence of Jk-Ck Transcripts in Igk Is Linked to a
Long-Range Contact with Tcrb
The finding that MiEk has an impact on Tcrb recombination and
T cell developmental progression is surprising since Igk en-
hancers are only known to be active in B cells and inactive en-
hancers have never been shown to contribute to gene regulation
in any way. Furthermore, the Igk locus and its associated
enhancers are located 26Mb away from Tcrb onmouse chromo-
some 6. To investigate the mechanism underlying MiEk-medi-
ated control of Tcrb recombination, we asked if MiEk is active
in DN cells. An assay for transposase-accessible chromatin us-
ing sequencing (ATAC-seq) analysis (Buenrostro et al., 2013)
enabled us to determine that there was no signal associated
with the MiEk (Figure 3A, red box a). Furthermore, there was
no enrichment of H3K27Ac, a mark that is used to characterizeCell Renhancer activity. However, RNA-seq
showed transcription in the region around
the enhancer. Assembly of a new tran-
scriptome based on our RNA-seq data
identified Jk-Ck transcripts (Figure 3A,red box a) that originate at each Jk segment except Jk3 and
exclude the intervening MiEk enhancer (Figure S3A). The Jk-
Ck transcripts are significantly downregulated in MiEk as well
as in Eb knockout DN cells (with an average fold change of
1.41, p = 0.0107; 2.33, p = 0.000175, between four Jk-Ck tran-
scripts in MiEk and Eb knockouts, respectively). As expected,
there is a major difference between transcriptional output and
accessibility in the region in B versus T cells (Figure S3B).
Our finding that the MiEk has an extra long-range regulatory
impact on Tcrb raises the question of whether cooperation be-
tween Tcrb and Igk enhancers involves a long-range contact.
To examine this, we performed 4C-seq using Eb rather than
MiEk as our bait, because active baits give a more specific con-
tact profile compared to inactive baits (Figure S3C). The bait used
in these experiments was located adjacent to the Eb enhancer as
shown in Figure 3B. Although Tcrb and Igk are separated by a
considerable linear genomic distance, Eb appears to establish
strong contacts with both 50 and 30 ends of the Igk locus in
T cells as shown by 4C (Figure S3C). A local analysis of the inter-
action profile from the Eb bait across the 6 Mb region encom-
passing and surrounding Igk (Igk occupies 3 Mb of DNA) in
wild-type DN, DP, pre-B, and immature B cells is shown ineports 15, 2159–2169, June 7, 2016 2163
AB
C D
Figure 3. The Presence of Jk-Ck Tran-
scripts in Igk Is Linked to a Long-Range
Contact with Tcrb
(A) RNA-seq, ATAC-seq, and iChIP for H3K27Ac
reveal the activity of the 30 Igk interacting domain.
ncRNA track displays transcripts identified by
transcriptome assembly using cufflinks V2.2.1
(see the Experimental Procedures for more de-
tails). The bottom track shows the 30 Igk interact-
ing domain called by 4C-ker from the Eb view-
point.
(B) Detailed scheme showing the location of the
Eb 4C bait relative to the enhancer.
(C) Interaction profile of Eb for the 6 Mb region
encompassing Igk in wild-type DN, DP, pre-B, and
immature B cells using 4C counts in 200 kb win-
dows sliding by 20 kb.
(D) Interaction profile of Eb with the 30 Igk inter-
acting domain inWT versus Eb andMiEk-deficient
DN cells using 50 kb windows sliding by 5 kb.
A purple bar delineates a 200 kb window, which
chromosome-wide DESeq2 analysis identified as
having a significantly different 4C signal in Eb/
versus wild-type DN cells. A t test was performed
on 4C counts to assess the same 200 kb window
for differences between wild-type versus MiEk/
(gold bar).
See also Figures S3 and S4 and Tables S1 and S2.Figure 3C. This analysis and the 4C profile shown in Figure S3C
demonstrate that Eb contacts with 50 and 30 ends of Igk are spe-
cific to the T cell lineage and are not detected in B cells. We used
4C-ker, an in-house pipeline that relies on a hidden-Markov
model (HMM)-based analysis to identify regions of chromosome
6 that interact significantly with the bait region (Raviram et al.,
2016) (Figure S3C). Using this method of analysis, we identified
a ‘‘30 Igk interacting domain’’ that encompasses Jk and Ck seg-
ments, the three enhancers of Igk, MiEk, 30Ek, and Edk as well
as a region that extends 200 kb downstream of the 30 end of
this locus (Figure 3C, gray box). Analysis of wild-type versus
enhancer mutant cells revealed that in DN T cells, the Eb contact2164 Cell Reports 15, 2159–2169, June 7, 2016with the 30 Igk interacting domain is
dependent upon the two enhancers Eb
and MiEk. This contact is abrogated
upon deletion of Eb and reduced in the
absence of the MiEk, in a statistically sig-
nificantmanner as determinedby t test on
4C counts of the 30 Igk interacting domain
(Figures 3C, gray box, and 3D, purple and
gold bars, see the Experimental Proce-
dures for details).
The peak of the 4C signal at the 30
Igk interacting domain coincides with
the actively transcribed coding genes,
Rpia and Eif2ak3. Additionally, we iden-
tified bidirectional mono-exonic tran-
scripts (that are typically found at
enhancers) within the Rpia-Eif2ak3 inter-
genic region that were also associated
with an ATAC-seq and H3K27Ac peaks(Figure 3A, red box b). The latter highlights the presence of a po-
tential new regulatory element in the area that we named REIR.
To confirm the interaction between Eb and the ‘‘30 Igk inter-
acting domain’’ in T cells from the reverse viewpoint, we de-
signed an additional bait in the REIR region, where the interac-
tion is the highest and where we observe the greatest changes
in contact in enhancer-deficient cells (Figure S4A). As ex-
pected, the REIR bait also identifies a specific contact with
Eb in T cells that is reduced in Eb and MiEk knockout DN
T cells (Figures S4B and S4C). Together, these data implicate
both active and inactive enhancers, Eb and MiEk, respec-
tively, in the activation of Jk-Ck transcripts as well as in the
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Figure 4. TheMiEkRegulates CBFbBinding
at Eb in DN Cells
(A) CBFb ChIP-qPCR for REIR plotted as fold
enrichment over negative control.
(B) CBFb ChIP-qPCR for Eb plotted as fold enrich-
ment over negative control. A t test was performed
todeterminesignificanceof foldenrichmentchange
at Eb in EbRUNX (RUNX binding sites at Ebmutated,
p = 0.004398) and in MiEk/ (p = 0.005621) DN
cells. Error bars represent SEM of three experi-
ments.
(C) Model implicating the CBFb-bound REIR and
MiEk in cooperatively regulating transcription
factor binding at Eb. In wild-type T and B cells, Eb
and MiEk, respectively, regulate rearrangement of
Tcrb and Igk. The three enhancers of Igk (MiEk,
30Ek, and Edk) comprise the super-enhancer in
developing B cells with individual enhancers in-
teracting and cooperatively regulating transcrip-
tional output. In wild-type DN cells, Jk-Ck tran-
scripts are expressed at the 30 end of Igk. The
contact between Eb and the 30 Igk interacting
domain encompassing CBFb-bound REIR pro-
motes Tcrb recombination in an Eb- and MiEk-
dependent manner. An absence of MiEk leads to a
reduction in the contact and transcription at the 30
end of Igk, which in turn leads to a reduction in the
localized concentration of CBFb and RUNX1 in the
proximity of Eb, thereby impairing its function.
See also Tables S1 and S2.establishment of the contact between Eb and the 30 Igk inter-
acting domain in T cells.
The MiEk Regulates CBFb Binding at Eb in DN Cells
To further investigate the impact of MiEk on Tcrb recombination,
we focused on transcription factors that are known to contribute
to this process. In particular, RUNX1 binding has been shown to
be essential for Eb activation and subsequent Tcrb recombina-
tion: mutations of the RUNX binding sites on Eb lead to a similar
phenotype as deletion of Eb with respect to Tcrb transcription
and recombination (Majumder et al., 2015). As we could not
detect any ATAC-seq peak at MiEk in DN cells, we assumed
that no transcription factors were bound to this element (Fig-
ure 3A). Thus, we asked whether other sites in the ‘‘30 Igk inter-
acting domain’’ boundCBFb (the requisite heterodimeric binding
partner of all RUNX proteins, which stabilizes their interaction
with DNA). ChIP-qPCR revealed that REIR is bound by CBFb
and the enrichment is not significantly affected by deletion of
either the Eb or the MiEk (Figure 4A). In contrast, ChIP analyses
showed that binding of CBFb on Eb was significantly reduced in
MiEk-deficient DN cells, and the levels were intermediate be-
tween wild-type T cells and T cells with RUNX-mutated Eb bind-
ing sites (Figure 4B).
A reduction in CBFb binding at Eb provides a mechanism that
explains the reduction in efficiency of Tcrb rearrangement and
the delay in T cell development that result from MiEk deletion.
However, because MiEk does not bind CBFb, it is not clear
how an absence of this enhancer could affect binding of the
latter to Eb. To explain this regulation, we put forward a
model implicating the MiEk-mediated Jk-Ck transcripts and
the CBFb-bound element REIR, in cooperatively promoting tran-scription factor binding at Eb, as results of a long-range contact
(Figure 4C). In the absence ofMiEk, reduced interaction between
Eb and the ‘‘30 Igk interacting domain’’ encompassing both MiEk
and REIR leads to a reduction in binding of CBFb and RUNX1 to
Eb, thereby impairing its function. These findings are consistent
with the idea that clustering of co-regulated regulatory elements
promotes enhancer sharing and leads to a high local concentra-
tion of regulatory factors that influences the levels of their enrich-
ment in a manner that could have functional consequences
(Cheutin and Cavalli, 2012). Loss of the MiEk, which reduces
expression of Jk-Ck transcripts and impairs contact between
REIR and Eb, could dilute out the concentration of CBFb in the
region, altering the regulation of Tcrb.
DISCUSSION
Enhancers are known to be important for activating their associ-
ated loci in a lineage- and stage-specific manner. Here, we have
examined the impact of the Igk enhancers in B cells where they
are active and T cells where they are inactive. Surprisingly, we
find evidence of enhancer-sharing in both contexts. We chose
to center our initial analyses on the Igk super-enhancer to
address the question of whether clustering of enhancers has
functional significance (Pott and Lieb, 2015). Using distinct
4C-seq baits located on different enhancers within the Igk su-
per-enhancer, we analyzed the impact of individual enhancer de-
letions on the contact and transcriptional profile of the region.
Here, we show that in wild-type cells the individual elements
within a super-enhancer are indeed in close contact in 3D space.
Importantly, we find that deletion of an individual element re-
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Thus, in terms of chromatin contacts, the enhancers act syner-
gistically to promote the formation of a hub that is dependent
on the presence of all three regulatory elements as loss of a sin-
gle enhancer leads to its dissolution. In contrast, deletion of a
single enhancer does not totally abolish transcription of the other
elements, but leads to a reduction in transcriptional output on the
two remaining enhancers. This is consistent with the impact
single enhancer deletions have on Vk transcriptional output.
Furthermore, the finding that deletion of either the MiEk or the
30Ek leads to a reduction in Igk recombination and the double
MiEk and 30Ek knockout abrogates rearrangement altogether
(Inlay et al., 2006), suggests that in terms of their function, these
enhancers act additively. Similarly, single and double 30Ek and
Edk deletions act additively with regards to their impact on Igk
transcriptional output (Zhou et al., 2010). Given that all three en-
hancers are in contact in pre-B cells and their interaction boosts
the transcriptional output of all the partner elements, it is likely
that the third enhancer (Edk or MiEk, respectively) in each case
contributes to the functional outcome of rearrangement and
transcription. These findings add mechanistic insight into the
interdependent nature of the individual enhancer components
of super-enhancers and the importance of the contacts between
them. Further analyses of other super-enhancers will need to be
performed to determine whether this is true in other cases.
Using the Igk enhancers as a model system further led to the
discovery that the inactive enhancer MiEk can modestly but
significantly influence Tcrb recombination in DN T cells. This is
unexpected as inactive enhancers have not previously been
documented as having any functional role in gene regulation. It
is of note that although we find no evidence for transcriptional
activity, enrichment of H3K27Ac, or binding of transcriptional
regulators at MiEk in DN T cells, we could show that MiEk- and
Eb-mediated control of Jk-Ck transcripts on the Igk locus is con-
nected to anMiEk- and Eb-mediated interaction between Eb and
the 30 Igk interacting domain. Importantly, deletion of MiEk in DN
cells leads to a significant reduction in Tcrb rearrangement and a
developmental delay at the DN3 stage that can be explained by a
reduction in CBFb binding to Eb. We propose that MiEk- and
Eb-mediated contact between Eb and the 30 Igk interacting
domain brings the CBFb-bound element, REIR into contact
with Eb, thereby increasing the local concentration of CBFb in
the area. To conclusively validate this hypothesis, we would
need to knock down Jk-Ck transcripts and mutate REIR so
that it can no longer bind CBFb.
Although the effect of the MiEk deletion on Tcrb regulation is
nowhere near as profound as Eb deletion, given the linear
distance separating the 30 Igk interacting domain from Tcrb
(29 Mb), it is surprising that it can exert any effect at all,
let alone a significant impact on transcription factor binding
and recombination. Certainly it is now well established that co-
regulated genes associate in the nucleus, and it has been pro-
posed that their interactions may be important for streamlining
gene expression (Schoenfelder et al., 2010). It has also been
suggested that contact between loci that come together as a
consequence of binding of a common regulator increases the
local concentration of the factor reinforcing its downstream
effects (Cheutin and Cavalli, 2012). However, it was not previ-
ously known that association of regulatory elements could2166 Cell Reports 15, 2159–2169, June 7, 2016have a functional impact on the enrichment of transcription fac-
tor binding on partner loci. These findings demonstrate a new
paradigm for extra-long range control and emphasize the com-
plexities of gene regulation and the impact of enhancer sharing.
The way that chromatin is packaged with the nucleus is clearly
a major determinant of enhancer sharing. Indeed, it has been
proposed that TAD structures are important for limiting the influ-
ence of enhancers because, by definition, sequences within a
TAD interact more frequently than those in different TADs. How-
ever, sequences from different TADs on the same and different
chromosomes can and do interact with each other, although
these contacts are less well documented than proximal higher-
frequency interactions. Nonetheless, our data indicate that these
interactions can play a significant role in fine-tuning the regula-
tion of target genes.
In sum, these studies reveal that localized and long-range
enhancer-sharing between active and inactive elements can
impact gene regulation in a lineage- and stage-specific way.
Our findings should be taken into consideration in gene targeting
analyses of enhancer deletions, as the phenotype they generate
may not solely relate to the primary biological function of the
target gene, but could include other unrelated effects that may
not be easy to predict. In lineages and cell types where individual
enhancers are known to be transcriptionally inert, they may still
exert a significant influence on gene regulation as we have re-
vealed here.
EXPERIMENTAL PROCEDURES
Mice
Wild-type C57BL/6 mice 5 to 7 weeks of age were used as controls in these
experiments. Eb/ mice were kindly provided by Dr. Pierre Ferrier (Bouvier
et al., 1996). MiEk/ and 30Ek/ mice (Inlay et al., 2002) were kindly shared
by Dr. Mark Schlissel’s lab. The whole enhancer region is deleted in all these
mutant mice. Animal care was approved by Institutional Animal Care and
Use Committee (protocol 150606-01, NYU School of Medicine).
Cell Sorting
Single-cell suspensions were prepared from thymi or bone marrow (BM)
from mice of various genotypes. CD4 and CD19 microbeads (Miltenyi Biotec)
selections were performed on thymocytes and BM cell suspension, respec-
tively, using a Manual MACS Cell Separator (Miltenyi Biotec) to reduce cell
sorting time. Flow cytometry cell sorting was performed on Beckman Coulter
MoFlo and Sony SY3200 machines as follows: from CD4-negative selection,
DN2/3 cells were purified as Thy1.2+TCRbloCD4CD8CD25+ CD44/+;
from CD4-positive selection, DP cells were purified as Thy1.2+TCRbint
CD4+CD8+; and from CD19-positive selection, pre-B cells were purified as
IgDB220+IgMc-kitCD25+ and immature-B cells as IgDB220+IgM+. Anti-
bodies used were as follows: Thy1.2 PE-Cy7 (clone 53-2.1, eBioscience,
1:5,000 dilution), TCR-b APC-eFluor780 (clone H57-597, eBioscience, 1:500
dilution), CD4 APC (clone RM4-5, BD Biosciences, 1:500 dilution), CD8a
FITC (clone 53-6.7, BD Biosciences, 1:500 dilution), CD25 PE (clone PC61,
BD Biosciences, 1:500 dilution), CD44 PerCP-Cy5.5 (clone IM7, BD Biosci-
ences, 1:500 dilution), IgD APC-Cy7 (clone 11-26c.2a, BioLegend, 1:500 dilu-
tion), CD45R/B220 PE-Cy7 (clone RA3-6B2, BD Biosciences, 1:500 dilution),
IgM FITC (clone II/41, BD Biosciences, 1:500 dilution), and CD117/c-kit APC
(clone 2B8, eBioscience, 1:500 dilution).
FACS Analysis
The same surface markers used for sorting cells were used for FACS analysis
of DN cells from whole thymi derived from wild-type (WT) or MiEk/ mice.
Cells were gated on Thy1.2+TCRbloCD4CD8 and the DN population defined
by expression of CD44 and CD25 as followed: DN1 CD44+CD25, DN2
CD44+CD25+, DN3 CD44CD25+, and DN4 CD44CD25. TCRgd cells
were also gated on CD4CD8 population and defined as CD3+TCRgd+.
The analysis was performed using FlowJo.
RNA Extraction
Following flow cytometry cell sorting, RNA was extracted using the RNeasy
plus kit from QIAGEN.
RNA-Seq Methodology
Libraries where prepared according to the directional RNA-seq dUTP me-
thod adapted from http://wasp.einstein.yu.edu/index.php/Protocol:directional_
WholeTranscript_seq that preserves information about transcriptional direction.
Wegenerated at least twobiological replicates per cell type. Additional replicates
were generated for important samples: twomore forDNWTandonemore forDN
MiEk. Our libraries were sequenced with Illumina Hi-Seq 2000 in paired-end
50-cycles mode.
RNA-Seq Analysis
Paired-end reads were mapped to the mm10 genome using TopHat2 (param-
eters:–no-coverage-search–no-discordant–no-mixed–b2-very-sensitive–N 1).
Counts for Refseq genes were obtained using htseq-counts (Anders et al.,
2015). Segments of antigen receptor lociwere addedas exons toRefSeqanno-
tation file (Table S2). DESeq2 version 1.4 (Love et al., 2014) was used to
normalize expression counts.
Non-coding RNA Scan
RNA-seq reads from DN and pre-B samples were mapped to the mm10
genome using TopHat2 (-N 1 –no discordant-no-mixed-library-type fr-first-
strand -G (RefSeq GTF file provided). Transcripts from chromosome 6 were
assembled using Cufflinks version 2.2.0. Transcript assemblies from the
same cell type were merged using Cuffmerge. Merged transcripts were anno-
tated with Cuffcompare using RefSeq GTF file. Following the lncRScan (Sun
et al., 2012; Trimarchi et al., 2014) pipeline, we extracted lncRNAs with class
code ‘‘u,’’ ‘‘x,’’ ‘‘i,’’ or ‘‘s’’. Multi-exonic transcripts with more than 200 nucleo-
tides and less than 300 nucleotides putative Open Reading Frame were
selected. Mono-exonic transcripts overlapping antigen receptor loci en-
hancers were manually added back to the final non-coding transcriptome of
pre-B cells. The Bedtools multicov function was used to count the reads per
each transcript, followed by differential expression analysis with DESeq2.
Transcripts with an adjusted p < 0.05, together with an absolute value of
log2 fold change greater than 1, were assigned as differentially expressed.
qPCR of Non-coding Transcripts at Igk Enhancers and Igk Locus
Itself
RNA was extracted from three different biological replicates that were distinct
from the samples used for the RNA-seq libraries. These were used for reverse
transcription using the Superscript kit from Life technologies with random
hexamers as primers. qPCR reactions were run in duplicates for each replicate
using Applied Biosystems instrument. Each reaction was run with 4 ng of tem-
plate and a 200 nM final concentration of primers. Standard curves were run in
parallel for each primer set to correct for primer efficiency. Actin and Tbp
(TATA-box binding protein) loci were used as reference genes as they dis-
played stable expression across the 16 samples in our RNA-seq results. Rela-
tive expression to the reference genes was calculated using the 2-DCt method.
Because no eRNAs originating at the MiEk enhancer were detected by the
non-coding RNA (ncRNA) scan, qPCR primers for quantification of expression
were set right on the enhancer in order to detect RNA that is transcribed
through it (F: GGGGAAAGGCTGCTCATAAT; R: ACTGTAATCTGGGCCACC
TG [188 bp]). For both 30Ek and Edk, the primers were chosen to detect eRNAs
originating at the respective enhancer. 30Ek antisense transcript, F: GATGG
GATCACAGGGGTGTA; R: AACTTGGCCTGATCAAGAGG (198 bp). Edk anti-
sense transcript, F: GCATTTCCCTGGCTTCTATG; R: CAGCATGACTGGGA
GAATCA (184 bp). Edk sense transcript, F: AGTAAGGGCCTAGGGTTCCA;
R: GCTTGTCATTTTCCCACTGC (142 bp).
qPCR primers for Igk constant region Ck were F: CTGATGCTGCAC
CAACTGTA; R: ACGCCATTTTGTCGTTCACTG (151 bp).ATAC-Seq
We sorted 50,000 cells per replicate for pre-B, immature B, DN, and DP
wild-type samples. The assay was performed in biological duplicates as
described previously (Buenrostro et al., 2013) with several modifications.
We amplified our libraries with KAPA HiFi polymerase and sequenced
them with Illumina Hi-Seq 2000 using 50 cycles paired-end mode. Reads
were aligned to mm10 genome with Bowtie2 (parameters: –no-discor-
dant-p 12–no-mixed-N 1-X 2000). Potential PCR duplicates were
removed from the reads with Picard-tools. ATAC-seq peaks were called
with PeaKDEck (McCarthy and O’Callaghan, 2014) (parameters: -sig
0.0001 -PVAL ON).
iChIP
The genome-wide status of H3K27 acetylation was assessed with indexed
chromatin immunoprecipitation (iChIP) as previously described (Lara-As-
tiaso et al., 2014). Briefly, chromatin from wild-type pre-B, immature B,
and DN cells was incubated with H3 antibody (Abcam, ab1791)
overnight at 4C. Two replicates were processed with 100,000 cells per
replicate. Chromatin bound to H3 antibody was indexed with NEXTflex
DNA Barcode adapters (Bio Scientific) and samples were pooled together
for precipitation with H3K27Ac antibody (Abcam, ab4729) for 4 hr at 4C.
DNA was de-crosslinked, purified, and amplified for 14 cycles. Libraries
were sequenced with HiSeq2500 paired-end 50 cycles. Sequencing reads
were aligned to the mouse genome mm10 using Bowtie2 with parameters–
no-discordant–no-mixed-N 1. Enriched regions of H3K27Ac were identified
using MACS 1.4.2 (Zhang et al., 2008) with parameters -p 1e-5-g mm-B–
single-profile with input libraries as background signal. To identify super-
enhancers, we used ROSE (Hnisz et al., 2013), with H3K27Ac MACS peaks
as constituent enhancers with the following parameters: -g MM10-s
20000-t 2500.
4C-Seq
The 4C template was produced by two successive rounds of digestion-ligation
using two different 4-bp cutters, NlaIII and DpnII, as previously described (van
de Werken et al., 2012). 4C templates were amplified with PCR primers
specific for our bait regions, MiEk (NlaIII primer 50-ACATTCTTTTCAGTTC
CATG-30, DpnII primer 50-CTTCTACCCCAAAGACATCA-30), 30Ek (NlaIII primer
50-CCATCTGGTGCAGGAGCATG-30, DpnII primer 50-TCCCTGACTGTGAA
CTGAAGG-30), Eb (NlaIII primer 50-TGTGGATTGATTAAGCCATG-30, DpnII
primer 50-TGAGCATTTCTTTCTCCTAGTGG-30) and REIR (NlaIII 50- CACCCA
GAGCTCCTTCCATG-30, DpnII 50-CAAGTCTTGGAGCCTTCCTG-30), respec-
tively. The Illumina-specified adapters for Illumina sequencing together with
multiplexing indexes were included at the 50 end of each primer. Our 4C li-
braries were sequenced on the Illumina Hi-Seq 2000 using single-read 100-cy-
cle runs. The number of reads obtained for each dataset are listed in Table S1.
Sequence reads from 4C-Seq were mapped to a reduced genome derived
frommm10 containing unique sequences adjacent to restriction enzyme sites.
Reads were mapped with Bowtie2 (Dryden et al., 2014; Langmead and
Salzberg, 2012) (-N = 0 and 5 was used to trim the barcode and primer
sequences). The counts for each fragment were then obtained from the
mapped SAM files. To determine significant differences in interactions be-
tween three Igk enhancers, DESeq2 analysis of 4C counts from MiEk and
30Ek baits was performed on 5-kb windows sliding by 0.5 kb for regions
(50 kb) around the baits in WT versus enhancer-deficient cells (false discov-
ery rate [FDR] adjusted p < 0.05).
To find chromosome-wide interacting domains, an in-house hidden Markov
model-based pipeline (4C-ker) was used (Raviram et al., 2016). 4C-ker uses a
3 state HMM to define regions of high-interaction using an input of window
counts corrected for the effect of linear distance from the bait. High interacting
domains were defined across the entire bait chromosome (4C-ker parameter
of k = 10) for Eb and MiEk bait.
Differential 4C-Seq analysis was performed using DESeq2 on 4C counts in
200kb windows overlapping by 20kb throughout the entire chromosome
6 (FDR adjusted p < 0.05) comparing wild-type versus Eb/ DN cells. t tests
were performed using DESeq2 normalized 4C counts within a 200kb region at
the Igk 30 interacting region to compare Eb bait 4C signal in wild-type versus
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Immuno-DNA FISH
We used oligo probes covering the entire Tcrb and Igk loci to label respective
genes. Combined detection and co-localization analysis of gH2AX and Tcrb or
Igk probes was carried out as previously described (Hewitt et al., 2009). Briefly,
cells were adhered to poly-L-lysin-coated coverslips, fixed with 2% parafor-
maldehyde/PBS and permeabilized with 0.4% Triton/PBS. Samples were
blocked for 30 min with 2.5% BSA, 10% normal goat serum, and 0.1%
Tween-20 in PBS at 22C. Samples were incubated for 1 hr at 22C with an
antibody to phosphorylated serine 139 of H2AX (gH2AX; JBW301, Millipore)
diluted 1:400 in blocking solution. Cells were rinsed with 0.2% BSA/0.1%
Tween-20/PBS and stained for 1 hr with goat anti-mouse IgG Alexa Fluor
488 diluted 1:500 (Life Technologies). Cells were rinsed with 0.1% Tween-20
in PBS. Cells were post-fixed in 1% paraformaldehyde, incubated with
RNaseA (0.1 mg/ml in PBS, 30 min at 37C) and re-permeabilized in 0.7%
Triton X-100/0.1 M HCl. Cells were then denatured for 30 min at 22C with
1.9 M HCl and were rinsed with cold PBS. DNA probes were denatured for
5 min at 95C and applied to coverslips, which were then sealed onto slides
with rubber cement, followed by incubation overnight at 37C. Cells were
then rinsed with 23 SSC at 37C, 23 SSC at 22C, and 13 SSC at 22C, all
for 30 min each and were mounted in Prolong Gold (Life Technologies)
containing 1.5 mg/ml 4,6-diamidino-2-phenylindole (DAPI, Sigma).
Confocal Microscopy and Analysis
DNA FISHwith immunofluorescencewas imaged by confocal microscopy on a
Leica SP5 AOBS System (Acousto-Optical Beam Splitter). Optical sections
separated by 0.3 mm were collected, and only cells with signals from both al-
leles (typically over 95%) were analyzed using Image J software (NIH). For
gH2AX colocalization analysis, alleles were defined as colocalized with the
protein if the DNA probe signals and immunofluorescence foci directly over-
lapped (at least two pixels of colocalization).
Germline Retention Assay
Germline retention of Tcrb alleles was determined by real-time PCR using
primers amplifying the Db1 RSS, which is excised when Tcrb rearranges.
A primer pair located downstream that is not deleted during rearrangement
was used as a control. We calculated the percentage of germline retention
using Rag1 knockout cells as 100% reference because recombination
does not occur in these cells. Db1 RSS was detected with the primer
pair F: 50-GTGGTTTCTTCCAGCCCTCA-30; R: 50-GGCCTTGGGACAGACAGA
AT-30, while the control region was amplified with the F: 50-CAAACGCTACCT
CACCCCAT-30; R: 50-CAGAGGCAGGAGAGCTCAAC-30 primer pair.
ChIP Assay
Purified DN2/3 cells (Thy1.2+TCRbloCD4CD8CD44/+CD25+) from thymi of
wild-type, Eb/, EbRUNX, and MiEk/ mice (4 3 106 cells) were fixed and
immunoprecipitatedwith 10mganti-CBFor normal rabbit IgGasdescribedpre-
viously (Setoguchi et al., 2008). Anti-CBFbwas a kind gift from Ichiro Taniuchi.
PostDNApurification-enrichedDNA fragmentswere assessedbyqPCR.Three
biological replicates were processed. qPCR reactions were run in duplicates
for each replicate sample using the Applied Biosystem instrument. Each reac-
tion was run with 250 nM final concentration of primers. Standard curves were
run in parallel for each primer set to correct for primer efficiency and determine
product quantity. Promoter of MageA2 was used as a reference gene (it is
known to be silent in T cells) for fold enrichment. The following primers were
used for assessment of IgG or CBFb enrichment at the respective sites.
Eb, F: 50-AGCTCCATCTCCAGGAGTCA-30; R: 50-CTGCATGAGAAGGG
TTTGAAG-30
REIR, F: 50-TCACTGTCCCAGCTCTGCTA-30; R: 50-GTCACCTGACCCT
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